The uncoupler 2,4-dinitrophenol prevents in vivo synthesis of 0 antigen in Salmonella typhimurium by inhibiting the first reaction of the pathway, formation of galactosyl-pyrophosphoryl-undecaprenol. Inhibition was observed only in intact cells; dinitrophenol had no effect on activity of the synthase enzyme in isolated membrane fractions. In vivo inhibition could not be explained by changes in intracellular nucleotide pools or a shift in the equilibrium of the reaction and appeared to be specific for the first step in the pathway. Neither the subsequent mannosyl transferase, which catalyzes formation of the trisaccharide-lipid intermediate, mannosyl-rhamnosyl-galactosyl-pyrophosphoryl-undecaprenol, nor 0-antigen polymerase was inhibited. In addition, incorporation of galactose into core lipopolysaccharide was only modestly inhibited under conditions in which 0-antigen synthesis was abolished. The results suggest that maintenance of proton motive force is required for access of substrate, UDP-galactose and/or undecaprenyl phosphate, to the active site of the galactosyl-pyrophosphoryl-undecaprenol synthase enzyme.
The 0 antigen of Salmonella typhimurium is synthesized by a multienzyme system of the cytoplasmic (inner) membrane (10) . The tetrasaccharide repeating unit of the 0-antigen chain is synthesized and polymerized via a series of oligo-and polysaccharide intermediates linked to the membrane-bound lipid coenzyme, undecaprenyl phosphate. The polymer chain is then transferred en bloc to core lipopolysaccharide, and the completed 0-antigenic lipopolysaccharide is finally translocated to the outer membrane. The final steps of 0-antigen assembly, polymerization and attachment to lipopolysaccharide, take place at the periplasmic face of the inner membrane (7, 8) . The transmembrane topology of the glycosyl transferases responsible for synthesis of the tetrasaccharide-lipid repeating unit has not been established, but the available evidence suggests that the oligosaccharide is assembled at the cytoplasmic face of the membrane, where enzyme active sites would have direct access to cytosolic nucleotide sugar pools (2) .
Earlier studies have shown that maintenance of both proton motive force and intracellular ATP pools is required for translocation of newly synthesized lipopolysaccharide from the periplasmic face of the inner membrane to the outer membrane (5) . Here, we show that proton motive force is also necessary in vivo for synthesis of 0 antigen. We were initially interested in testing the idea that transposition of the undecaprenol-linked tetrasaccharide unit from the presumptive site of synthesis at the cytoplasmic face of the inner membrane to the periplasmically oriented active site of the 0-polymerase enzyme might be energy dependent. The results gave no support for this hypothesis but unexpectedly revealed that in vivo synthesis of the first intermediate of the biosynthetic pathway is specifically dependent on maintenance of proton motive force. Evidence for energy-dependent transposition of the core lipopolysaccharide from the cytoplasmic to the periplasmic face of the inner membrane is presented by McGrath and Osborn (6) .
MATERIALS AND METHODS
Bacteria and growth conditions. The galE mutants of S. typhimurium, G30 and G30A (heptoseless deep rough, core deficient), have been described previously (11) , as have the kdsAl(Ts) strains BCM1 (6, 7) and BCM2 (7). Cultures were grown at 37°C (30°C for BCM1 and BCM2) in PPBE medium (11) Table 2 . Dephosphorylation, reduction with NaBH4, and acid hydrolysis were carried out as described previously (4 O-Antigen intermediates were released from undecaprenol linkage by extraction with cold TCA (4) and were fractionated by filtration through a 47-cm Sephadex G-50 column. Elution was with 50 mM NH4HCO3.
had been present during pulse; thus, precursors accumulated during the pulse period could be utilized efficiently for 0-polymer formation during subsequent chase. Inhibition by DNP affected only the total amount of polymer formed, not the average degree of polymerization. Polymer fractions isolated by gel filtration were treated with alkaline phosphatase to dephosphorylate galactose-1-PO4 reducing termini and reduced with NaBH4. Radioactivity in galactitol and galactose was determined after acid hydrolysis and paper chromatography. Ratios of [3H]galactitol to [3H]galactose for control and DNP-treated cells gave average degrees of polymerization of 12 and 13, respectively. This result was consistent with the hypothesis that inhibition of polymerization by DNP was indirect, limiting flow of the tetrasaccharide monomer to the polymerase rather than the activity of the enzyme per se.
Effect of DNP on synthesis of undecaprenol-linked oligosaccharide intermediates. If, as postulated, the effect of uncoupler was to prevent delivery of undecaprenol-linked monomer to polymerase enzyme on the trans side of the membrane, inhibition of polymerization should be accompanied by accumulation of unpolymerized oligosaccharide intermediate(s). This prediction proved incorrect. Incorporation of [3H]galactose into CHCl3-methanol-soluble oligosaccharide-lipid intermediates was virtually abolished in the presence of 1 mM DNP (Fig. 1) . This result was confirmed by analysis of the water-soluble products of galactose pulse after extraction of possible 0-specific intermediates and mild acid hydrolysis to release free saccharide chains. No detectable accumulation of 0-related products was observed (data not shown).
This observation strongly suggested that DNP acts to inhibit synthesis of the undecaprenol-linked monomer unit and not its utilization by 0 polymerase. Further, since galactosyl-pyrophosphoryl-undecaprenol (galactosyl-PP-Und) is the first intermediate to be formed, the finding pinpointed the effective site of DNP inhibition as the first reaction in the pathway, catalyzed by galactosyl-pyrophosphoryl-undecaprenol synthase:
UDP-galactose + P-Und <= galactosyl-PP-Und + UMP
(1) tected previously, either in assay of membrane-bound enzyme in isolated cell envelope or after detergent solubilization and partial purification (unpublished observations).
The possibility that DNP directly inhibits the enzyme independent of its action as an uncoupler was excluded by assay of galactosyl-PP-Und synthesis in membrane fractions isolated from strain G30A (Fig. 2) . The time course of the reaction was completely normal in the presence of 1 mM DNP. Inhibition of the reaction by DNP is therefore indirect and operates only in intact cells. The results are consistent with the conclusion that the inhibition in vivo is a consequence of the disruption of proton motive force by DNP.
Effect of DNP on intracellular UMP pools. Because the apparent Keq of reaction 1 is near unity, synthesis of galactosyl-PP-undecaprenol is sensitive to changes in the ratio of UMP to UDP-galactose. We have previously shown that intracellular ATP pools are only marginally perturbed by DNP under the conditions of these experiments. However, it was possible that a relatively small increase in the UMP pool might be sufficient to shift the equilibrium position of the reaction strongly to the left. Effects of DNP on intracellular concentrations of UMP and UDP-galactose were therefore examined ( Effect of DNP on formation of galactosyl-PP-undecaprenol in isolated membranes. The total membrane fraction from strain G30 was prepared by French press lysis. Cells (7 x 1011/ml) were suspended in cold 50 mM HEPES buffer (pH 7.5)-0.75 M sucrose containing 4 mg/ml each of RNase and DNase and lysed by one passage at 8,000 lb/in2. Unlysed cells were removed by centrifugation at 1,700 x g for 30 min. The supernatant was diluted to 10% sucrose with 50 mM HEPES (pH 7.5)-10 mM MgCl2 and centrifuged for 2 h at 105,000 x g. The membrane pellet was washed once in 10 mM HEPES (pH 7.5)-154 mM KCl-10 mM MgCl2 and assayed as described previously (12) . Symbols are the same as for Fig. 1. inhibition of the galactosyl-PP-undecaprenol synthetase reaction observed in the presence of DNP.
Effect of DNP on incorporation of galactose into core lipopolysaccharide. In contrast to the profound inhibition of galactosyl-PP-undecaprenol synthesis (Fig. 1) , incorporation of galactose into the core lipopolysaccharide was only marginally affected by DNP. In the presence of 1 mM DNP, the rate of incorporation was greater than 50% that of the control, and this rate was maintained for at least 5 min (Fig.  3) . In vivo incorporation of galactose into lipopolysaccharide 10 ,uCi/,mol) for 2 min at 420C as previously described. Aliquots (50 ml) were then shifted to 30°C in the presence or absence of 1 mM DNP. Samples (10 ml) were removed into ice and DNP (2.5 mM final concentration) at 0, 3, and 5 min, and galactose incorporation into lipopolysaccharide was determined as described previously (7). Symbols: 0, plus DNP; *, minus DNP. 4 except that strain BCM1 (200-ml cultures) was employed. At the end of a 5-min incubation period, ice and DNP (2.5 mM) were added, and cells were recovered by centrifugation and washed with 50% acetone as described previously (7). 0-antigen-related saccharides were recovered by phenol extraction and filtered through a column (1 by 60 cm) of Sephadex G-50 medium. Symbols are the same as for Fig. 3 . The elution position of standard tetrasaccharide-PP-Und is indicated by the bar. r pools.
sensitive to DNP in vivo, incorporation of labeled mannose ition into 0-antigen into undecaprenol-linked oligosaccharides was tested. For ether other glycosyl this purpose, strain BCM2 [galE pmi kdsA(Ts) rfc] was iesis were similarly employed. The pmi mutation allows specific labeling of 0 antigen with mannose. Mannose transport is phosphotransferase mediated (14) and is therefore resistant to inhibition by uncouplers (data not shown). The additional kdsA(Ts) and rfc mutations render formation of core lipopolysaccharide thermosensitive and prevent polymerization of 0 antigen, respectively. Therefore, at 42°C, the only products of mannose incorporation in intact cells are undecaprenollinked tri-and tetrasaccharide (Man-Rha-Gal-PP-Und and Abe-Man-Rha-Gal-PP-Und). Activity of mannosyl transferase in vivo was assayed at 42°C in a two-step reaction. In the first stage, cells were preincubated with galactose for 5 min in order to allow accumulation of the disaccharide intermediate, Rha-Gal-PPUnd. DNP (1 mM) was then added to half the culture, and 1 min later, [14C]mannose was added to both control and DNP-containing flasks. Samples were removed at the indicated times for determination of 14C incorporation into butanol-soluble oligosaccharide-lipid products. The results ,___________ .are shown in Fig. 4 . The rapid incorporation of radioactivity 4 5 Z within the first minute of incubation, which represents direct test of the effect of the inhibitor on polymerization. A two-stage incubation similar to that described above was carried out with strain BCM1, which carries galE, pmi, and kdsA(Ts) mutations but is 0-polymerase positive. Mannoselabeled 0-antigen intermediates formed in the presence or absence of DNP were recovered by hot aqueous phenol extraction and subjected to gel filtration to separate polymeric products from oligosaccharides. As shown in Fig. 5 , the extent of polymerization in the presence of DNP was indistinguishable from that of the control.
DISCUSSION
The results presented here establish that synthesis of 0 antigen in vivo is dependent on maintenance of proton motive force and establish the first reaction of the pathway as the specific site of inhibition by uncoupler. In vivo inhibition of galactosyl-pyrophosphoryl-undecaprenol synthase by uncoupler was unexpected and suggests a functional requirement for proton motive force that is not explained in terms of the energetics of the enzyme reaction. We attribute the inhibition by DNP to dissipation of proton motive force rather than some secondary or nonspecific effect of the uncoupler for several reasons: (i) DNP has no effect on enzyme activity in isolated membrane fractions, excluding a direct effect on the enzyme; (ii) the ratio of intracellular UDP-galactose to UMP is unchanged in DNPtreated cells, excluding any major shift in the equilibrium position of the reaction; (iii) we have previously shown (5) that DNP collapses both At and ApH under the experimental conditions employed here but has little effect on intracellular ATP concentration; and (iv) incorporation of galactose into the first intermediate of 0-antigen synthesis is inhibited to a much greater extent than is incorporation into core lipopolysaccharide, consistent with specific disruption of the 0-antigen pathway above and beyond any general effects of energy stress on metabolism and macromolecular syntheses.
The galactosyl-pyrophosphoryl-undecaprenol synthase reaction is essentially isoenergetic as measured in isolated membrane fractions (12) , and the reaction is driven in vivo by coupling to the subsequent rhamnosyl transferase reaction, which is unidirectional. The apparent requirement in vivo for proton motive force is therefore most probably indirect. The fact that both incorporation of mannose into preformed disaccharide-PP-Und and polymerization of 0 antigen are resistant to inhibition argues that the requirement is specific to the initial reaction of the pathway and may therefore reflect an aspect of that reaction or its membrane environment that is unique.
Given the transmembrane nature of 0-antigen biosynthesis, one attractive possibility is that substrate must be made accessible to an enzyme active site on the trans side of the bilayer, and this process is dependent on maintenance of proton motive force. Two alternative hypotheses are suggested by the known orientation of 0 polymerase and 0 antigen: lipopolysaccharide ligase at the periplasmic side of the membrane (7, 8) . The first postulates that the entire 0-antigen pathway is periplasmically oriented and that nucleotide sugar substrates are transported across the inner membrane from the cytoplasm to the periplasm. However, efforts in this laboratory to demonstrate such transport have been unsuccessful (unpublished experiments), and in any case, the hypothesis does not account for the resistance of the mannosyl transferase reaction to uncoupler. It is perhaps relevant that the homologous dolichol pathway of rough endoplasmic reticulum uses GDP-mannose as the immediate donor for mannosyl transfer reactions on the cytoplasmic side of the membrane but mannosyl-phosphoryl-dolichol and glucosyl-phosphoryl-dolichol as substrates in later steps which occur at the lumenal side of the membrane (3) . Similarly, glucosyl-phosphoryl-undecaprenol is utilized by phage-encoded transferases that modify 0 antigen by addition of glucosyl branch residues (9, 15 
